To investigate the effects of magnetic resonance image (MRI) exposure on CNS development, we examined the effects of neonatal exposure of rats to a MRI magnetic field on their performance in the Morris water maze. After birth, all litters were randomly divided into an MRI-scanning group (experimental group) comprised of 7 mother rats and their offspring, and a control group, which consisted of the other 7 mothers and their pups. Newborn rat pups of MRIscanning group were exposed to a 1.5 T magnetic resonance image (MRI) magnetic field for 7 days (postnatal day 1-day 7, 10 min/day). And behavioral tests were taken at 1st-, 2nd-and 5th-month after birth. At the age of 2 months postnatal, both male and female rats of the experimental groups made fewer crossings over the target area in the probe trial than did the control group. This result showed that the exposed animals represented a "reference memory" deficit, that is to say, these rats had a deficit ability to use environmental cues to locate the former position in space. No deficits were evident in the 1st-and 5th-month groups. These results demonstrate an age-specific cognitive/behavioral deficit induced by neonatal exposure to an MRI magnetic field. These findings indicate that the safety of MRI exposure must be considered with care and appropriate cautions should be taken.
INTRODUCTION
Since first used for clinical diagnosis, magnetic resonance imaging (MRI) has become a very important medical tool (Gowland, 2005) . The MRI magnetic field is composed of a static magnetic field, a pulsed radio-frequency (RF) field and a time-varying gradient electromagnetic field (EMF). In routine clinical examinations, the intensity of static magnetic fields used is often 0.2 to 2 T. However, stronger fields up to 10 T with a changing EMF have been developed to produce higher resolution images. Thus, people receiving MRI examinations are likely to be exposed to a relatively high magnetic field (Sienkiewicz, 2005; De Wilde et al., 2005) . Therefore, it is prudent to investigate whether there is any potential biological or health risks associated with being subjected to an MRI, especially for sensitive, developing neonates.
The central nervous system (CNS) is particularly susceptible to magnetic fields, and the developing brain is even more sensitive (Cockerham et al., 1989; Hirai et al., 2002) . Data has indicated that magnetic field exposure may inhibit neuronal signal transduction (Pacini et al., 1999) , affect neuronal activity (Espinar et al., 1997) , perturb electrical activity in the brain (Gowland, 2005; Saunders, 2005) , and furthermore, produce deficits in spatial discrimination learning *Address correspondence to this author at the Department of Physiology, School of Medicine, Xi'an Jiaotong University, Xi'an, Shaanxi 710061, The People's Republic of China; Tel: +86-29-82655274; E-mail: htzhen@mail.xjtu.edu.cn (Levine et al., 1994; Levine et al., 1995) and could have other neurobehavioral effects in rats (Lockwood et al., 2003) . Our previous studies have shown that rats exposed to a 0.35T MRI magnetic field in utero (day 12-18) showed cognitive/behavioral performance deficits (Jiang et al., 2004) .
Brain development occurs mainly in utero, however, it continues into the early postnatal period (Casey et al., 2000) . For rats, neurogenesis of the granule cell populations in the hippocampal formation and cerebellum just begins after birth (Bayer et al., 1993) . This postnatal developmental period gives us an opportunity to investigate the effects of MRI exposure on CNS development.
Morris water maze (MWM) is a well established spatial learning and memory task in rodents (D'Hooge et al., 2001) , in which, the animals learn to locate a submerged platform using spatial environmental cues. This ability is believed to require the hippocampal formation (Silva et al., 1998) , and MWM performance has been used to detect cognitive impairment of developmental disorders in rodents (D'Hooge et al., 2001) . In the present study, we investigated the effects of periodic neonatal exposure to MRI fields on rats' performance in the MWM at different postnatal ages.
MATERIALS AND METHODS

Animals
Fourteen healthy pregnant Sprague-Dawley rats were used. After birth, all litters were randomly divided into an MRI-scanning group (experimental group), comprised of 7 mother rats and their offspring, and a control group, which consisted of the other 7 mothers and their pups. Each of the 14 mother and litter groups was housed in a standard plastic cage (46 31.5 20 cm) with food and water available ad libitum for the mother rats. The room temperature was maintained at 21 ± 1°C. The light-dark cycle was 12 h (hour):12 h (hour) (light on at 7:00 a.m.). The experiment procedure is shown in Table 1 . 
MRI Field Exposure
The experimental pups were exposed to an MRI magnetic field from postnatal day 1 to day 7 for 10 min a day starting at 7 p.m., while temporarily separated from their mother (Fig. 1) . The control group pups were exposed to a sham control field under similar conditions. The MRI field we used was composed of three magnetic fields: 1.5 T static magnetic field, 1.0 kW power-pulsed magnetic field, and grads magnetic field produced by a Gyroscan Intera (Philips, Holland). The field was identical to that used in human clinical scanning situations. The MRI magnetic field used a spin echo technique. T 1 had a time rate (TR) of 525 ms and a time echo (TE) of 13 ms, with a slice thickness of 7 mm, number of signal averages (NSA) 5; T 2 had a TR of 1800 ms and a TE of 350 ms, with a slice thickness of 7 mm, NSA 3.
Morris Water Maze Task
At postnatal day 21, all pups, from both the experimental and control groups, were separated from their mothers and assigned to four general groups: (1) MRI female group, (2) MRI male group, (3) control female group, and (4) control male group. In each group, rats were randomly divided into three testing-age sets (designated according to their age at testing: 1, 2, and 5-month groups). In total, 90 offspring rats were assigned into 6 (2 3) groups; a maximum of two males/females per litter were assigned to each group. The arrangement of the animal groups was as follows: 6 rats for the experimental 5-month female group, 7 rats for the control 2-month female group, 6 rats for the control 5-month female group, 7 rats for the control 5-month male group, and all the other groups contained 8 rats each.
The MWM apparatus and behavioral paradigm employed here were similar to that described previously (Jiang et al., 2004) . Briefly, the water maze was a circular pool tank (diameter: 120 cm; height: 55 cm) filled with water to a depth of 41 cm, with a temperature of 23±1°C. A round transparent platform (8 cm in diameter) was placed at the center of a designated quadrant and submerged 1 cm beneath the water's surface. The distance from the platform center to the pool edge was 35 cm. Rats were tested for 5 successive days. Two test sessions were performed on each of the first 4 days, and one session was conducted on the last day. Each session consisted of four trials, with an inter-trial interval of 60 s (second). The inter-session interval within each test day was 2 h.
Maze training was conducted between 8:00 and 12:00 a.m., and between 2:00 and 6:00 p.m. In each trial, the rat was gently placed into the pool at the middle site of the circular edge at each quadrant, arbitrarily defined as east, south, west, and north. The animal was allowed 120 s to swim to the hidden platform, and then left on the platform for at least 3 s. If the rat could not locate the platform within 2 min (minute), it would be gently guided to the platform by the experimenter and then left on it for 10 s, and its performance score (latency) was marked as ''120 s''. MWM behavior was videotaped via a commercial video/computer system (Beijing Logon Science and Technology, Beijing, China). The final test (probe trial) was performed on the afternoon of the 5 th training day, during which the platform was removed from the maze. During the probe trial the animal was released into the quadrant opposite to the one that had previously contained the platform (the ''platform'' quadrant), and allowed to swim in the maze for 2 min. The video/computer system automatically recorded the latency for finding the platform, the time spent in the platform quadrant, and the number of crossings over the target area for each rat.
Data Analysis
Latency for finding the platform was analyzed by a repeated-measure analysis of variance (ANOVA). For the probe trial, the time spent in the platform quadrant and the number of crossings over the target area was analyzed with one-way ANOVAs. Comparisons that yielded a p < 0.05 were considered statistically significant in all cases.
RESULTS
All latencies for finding the platform for the different rat groups are shown in Fig. (2) . Latencies during water maze acquisition showed a significant decrease throughout the trials (F [8,624] For the probe trial, we first analyzed the time spent in the platform quadrant; data are shown in Fig. (3) . The following results showed that an effect was present in 2-month males, and a trend was apparent in 1-month and 2-month females: 1-month females, F [1, 14] = 3.930, p = 0.067; 2-month females, F [1, 13] = 4.092, p = 0.064; and the 2-month males, F [1, 14] = 5.363, p = 0.036. No treatments effects (p's > 0.05) or trends were revealed for the remaining groups. Analysis of the number of target area crossings revealed a significant treatment effect both for 2-month females (F [1, 13] =4.927, p < 0.05) and 2-month males (F [1, 14] = 4.829, p <0.05). Thus the MRI exposed rats crossed over the target area significantly less often than the non-exposed rats at 2 months of age. The remaining groups did not show treatment effects on the number of target area crossings (p's > 0.05) (Fig. 4) .
DISCUSSION
We employed the reference memory version of the MWM in this study, in which the animal's ability to use environmental cues to locate the former position of a submerged escape platform in space during the trial is measured (Jeltsch et al., 2001) . Reference memory acquisition in the MWM involves hidden-platform acquisition training and probe trail testing. The first process involves learning the procedure, which is learning to search for the platform using the cues in the environment. And then during a probe trial, the spatial accuracy of the animal is determined (D' Hooge et al., 2001) . The probe trial is intended to test reference memory for the platforms spatial location in rats that display proficient searching strategy.
Exposure to an MRI field during postnatal days 1-7 did not appear to affect the rats' abilities to learn the location of the submerged platform, as there were no significant differences among the latencies for finding the platform between the experimental and control groups during the MWM acquisition trials. However, in the probe trial, both the 2-month female group and the 2-month male group crossed over the target area significantly fewer times than did the nonexposed controls. In addition, male MRI exposed groups spent less time in the platform quadrant than did the controls, and 2-month MRI exposed females showed a similar, but non-significant trend. These data suggest that the MRI exposed rats have a reference memory deficit in the MWM at 2 months of age. These results are consistent with previous reports in which exposure to microwave, X-irradiation and static magnetic fields were reported to affect behavioral test performance in rats (Czeh et al., 2001; Lai et al., 2004; Weiss et al., 1992) . However, this is the first report that examined the effects of neonatal MRI exposure on MWM performance.
Although we previously observed an 'acquisition' deficit in rats subjected to prenatal MRI exposure (Jiang et al., 2004) , the neonatal exposure in the present study did not produce an acquisition deficit. This difference might be due to the differing development stages of the experimental animals at the time of MRI exposure. It is also possible that technical differences between the two studies might have influenced the results. For example, MRI exposure duration was 40 min in the previous study, but only 10 min in the present study. Also the static magnetic field was 0.35 T in the previous study but only 1.5 T in the present study.
To asses the potential toxicity of magnetic fields is complex as there are some different results between in vitro and in vivo models during magnetic fields exposure. For example, though the induction of stress gene expression by exposure to magnetic fields had been emphasized (Goodman et al., 2002) , Bodega showed that the acute exposure of astroglial cultured cells to 1-mT sinusoidal, static, or combined magnetic fields leads to no significant effects on the cytoskeletal and stress proteins (Bodega et al., 2005) . Yip found that the abnormalities and mortality rates were increased when exposing chick embryos to 1.5 T MRI (Yip et al., 1994a) , but when studying the cell proliferation and migration, no effects were detected (Yip et al., 1994b) . As Bodega point out, field intensity, frequency, and exposure time should be considered as explanations of these controversial results. About animal, differences in metabolism, physiology, life span, and body size cause difficulties in the interpretation of data.
It has been shown that when subjected to an insult (ischemia, hypoglycemia and epilepsy), brain damage is not homogenous (Auer et al., 1988) , with the hippocampal for- Fig. (2) . Average escape latency during the nine testing sessions for control (open squares) and magnetic field exposed (filled squares) rats. The error bars indicate the standard errors of the mean. N=6 for the experimental 5-month female group and control 5-month female group; N=7 for the control 2-month female group and control 5-month male group; N=8 for all the other groups. mation being one of the most vulnerable regions (Fisher et al., 1998) . Extensive evidence indicates that the hippocampal formation is a critical brain area for spatial learning and memory (Morris et al., 1982) . For example, rats with hippocampal damage show deficits in spatial learning and memory in the water maze (Block et al., 1997; Gilbert et al., 2000) . The dentate gyrus is a particularly important part of the hippocampal formation for spatial learning (Nakao et al., 2001; Schuster et al., 1997) . When granule cells in the dentate gyrus were lesioned selectively by colchicine injections, animals showed severe spatial learning deficits (McNaughton et al., 1989) . Dentate gyrus granule cell differentiation occurs relatively late (starting at E16) in hippocampal development (Bayer SA, 1980 I; Bayer SA, 1980 II) . 80-85% of granule cells are generated after birth, mainly during the first postnatal week, and the dentate gyrus does not appear to be mature until postnatal day 21 (Bayer et al., 1993; Bayer SA, 1980 II) . Czeh (Czeh et al., 2001) revealed that when the dentate gyrus is exposed to X-irradiation at 6 h, 18h, or 24h after birth, rats showed significant learning deficits. In addition, histological analyses revealed granule cell loss in the dentate gyrus as a result of the X-irradiation treatment.
Another candidate mechanism that may underlie the effect of postnatal MRI exposure is the change of cholinergic system. Extensive evidence has implied the cholinergic system as a critical neurochemical system required for spatial learning (D'Hooge et al., 2001 ). Thus it is also possible that the effects of MRI exposure on memory performance may be due to effects of the magnetic field on the cholinergic system. Lai and his colleagues (Lai et al., 1998; Lai et al., 1993) Fig. (3) . Average time spent in the platform quadrant for control (gray bars) and magnetic field exposed (black bars) rats in the probe tests. The error bars indicate the standard errors of the mean. * Indicating the significant differences between control and magnetic field exposed groups (p <0.05). N=6 for the experimental 5-month female group and control 5-month female group; N=7 for the control 2-month female group and control 5-month male group; N=8 for all the other groups. Fig. (4) . The number of target area crossings of control (gray bars) and magnetic field exposed (black bars) rats. The error bars indicate the standard errors of the mean. * Indicating the significant differences between control and magnetic field exposed groups (p <0.05). N=6 for the experimental 5-month female group and control 5-month female group; N=7 for the control 2-month female group and control 5-month male group; N=8 for all the other groups. demonstrated that acute exposure to a frequency magnetic field impaired rat water maze performance, and concomitantly decreased uptake of choline in rat brain. Cholinergic projections to the hippocampus originate in the medial septum of the basal forebrain. This septohippocampal system is believed to play an important role in learning and memory (Gold, 2003) . Septal cholinergic axons arrive in the hippocampal formation perinatally. At postnatal day 2, septal afferents arrive in the dentate gyrus. By postnatal day 11, cholinergic afferents in the internal and external blades of the dentate gyrus have matured (Makuch et al., 2001) . Thus cholinergic system development may be especially sensitive to neonatal perturbations.
There is an interesting phenomenon that has been presented in our previous work and the present study. In our research, the two-month old rats expressed a more profound behavioral impairment, regardless of whether the exposure to MRI occurred in a prenatal period or in early life. These findings suggest that early brain damage may lead to behavioral changes that vary with age.
Our observation of a deficit only at the 2-month test is consistent with the view that adolescence may be a stage in which differences may be more easily revealed, or it may be a particularly sensitive stage. For example, schizophrenia onset typically occurs in late adolescence and early adulthood (Kaiser et al., 1999) , which suggests that there may be some relationship between early brain maldevelopment and emergent dysfunctional connectivity with maturation. Moreover, animal studies have also shown that neonatal hippocampal damage in rodents results in the emergence of behavioral changes later in life. Rats with neonatal hippocampal damage (on postnatal day 3 or 7, P3 or P7) showed no behavioral abnormalities in locomotion when tested before puberty (before P35), yet at post pubertal age (after P56) the lesioned animals displayed increased locomotion compared to controls (Lipska et al., 1993; Wood et al., 1997) .
Age-specific impairment phenomenon has been presumed to be related to abnormal dopaminergic (DA) function (Lipska et al., 1993; Wood et al., 1997) . Abnormal dopamine activity is known to influence synaptic plasticity and behavioral performance (Gasbarri et al., 1996) . And magnetic field exposure could also reduce the reactivity of central dopamine receptors in rats (Sieron et al., 2001) .
Further experiments are needed to provide direct evidence that may elucidate the cellular or molecular mechanism that underlies the behavioral impairment caused by an MRI exposure. Although the behavioral performance impairment detected in experimental animals is minor and recoverable, our findings raise questions about the safety of MRI exposure in clinical usage. Appropriate precautions should be taken especially when considering MRI examinations for infants or pregnant women.
